In this paper we study the impact of thermal pressurization and mineral decomposition reactions under seismic deformation conditions (e.g., slip rates of about 1 m/s) triggered by shear heating, to the stability of a saturated fault material. By using higher order continuum considerations, allowing for rotational degrees of freedom to the gouge material, we verify that the micro-inertia of the Cosserat continuum may regularize the ill-posed problem of simple shear of a fault and that the thermal effects promote localization of deformation into ultra-thin shear bands. It is shown that the width of these * Corresponding Author. Email: manolis@mechan.ntua. Author manuscript, published in "Journal of Structural Geology 38 (2012) 254-264" DOI : 10.1016/j.jsg.2011 structures depends on the parameters of the decomposition reaction considered, obtaining values as low as 100 µm, in agreement with microstructural evidence from natural and artificial faults. .
by weakening mechanisms that are considered to be mainly thermal of origin 20 (Rice (2006) ). Indeed, field observations suggest that slip in individual events 21 may then be extremely localized, and may occur primarily within a thin shear 
26
Evidence for that morphology can be found in the North Branch San
27
Gabriel fault (Chester et al. (1993) ) and Punchbowl (Chester and Chester
28
(1998)) fault of the San Andreas system in southern California, the Median
29
Tectonic Line fault in Japan (Wibberley and Shimamoto (2003) ), and in the 30 Hanaore fault in southwest Japan (Noda and Shimamoto (2005) ). Note also 31 that from drilling cores in the Aigion system, central Greece, the fault core 
35
As perhaps the best characterized case, a thin principal slipping zone 36 was identified along an exposure of the Punchbowl fault at 2 to 4 km depth, 37 which has accommodated 44 km of slip (Chester and Chester (1998) ). Also, 
Problem Formulation

99
In classical Continuum mechanics, where the continuum is allowed only 100 for translational degrees of freedom (displacements), one may be able to pre-101 dict the onset of a shear band (Rudnicki and Rice (1975) ). However it can 102 be shown that the instability tends to localize in a strip of zero thickness.
103
Classical theories are thus unable to simulate the localization of the defor- requested. Vardoulakis (1985 Vardoulakis ( , 1986 Vardoulakis ( , 1996 showed that introducing viscous
115
(rate-dependent) considerations, combined with second gradient plasticity 116 models, may alleviate the ill-posedness of the problem. Later, Veveakis et al.
117
(2010) showed that indeed non-linear viscous responses provide the necessary 118 counterbalancing effect to stabilize the problem of simple shear.
Early approaches by Hill (1962) and Mandel (1966) 
136
In this study we follow Muhlhaus and Vardoulakis (1987) ;ǫ 12 = ∂v 1 ∂x 2 +ω c (1)
and the two components of the curvature of the deformation rate (gradient 160 of the Cosserat rotation rate)
Moreover we decompose the stresses and strain rates into spherical and de-162 viatoric parts, σ ij = s ij + σ kk δij/2 andǫ ij =ė ij +ǫ kk δ ij /2, where δ ij is the
163
Kronecker's delta. The following generalized stress and strain invariants are 164 used:
where 
where the mobilized friction coefficient µ and the dilatancy coefficient β are 174 functions only of the accumulated plastic strain γ p . Under these consid-175 erations, the rate thermo-poro-elasto-plastic relationships are expressed as
where G and K are the elastic shear and bulk modulus respectively, α s the 178 thermal dilation coefficient of the solid skeleton and T the temperature. The rate of plastic deformation is written as
where Rudnicki and Rice (1975) . When H tan is non positive that the reaction is taking place with a rate r, which on its turn can be 218 expressed from first order reaction kinetics as (Law (2006))
where T c = E/R a the activation temperature of the reaction, E the activation 220 energy and R a the universal gas constant. In this expression A 0 is the pre- 
223
The Arrhenius model assumed in Eq. (9), is the simplest one, but has 224 received much criticism for its validity, mainly due to the strongly varying Table 1 the plastically deformed nanoparticles produced in high speed experiments.
248
The internal plastic deformation induced by milling during frictional sliding 249 might further reduce the activation energy of the reaction (Fisher. (1988) ).
250
Hence, emphasis should be given on thorough experimental detemination of 251 the reaction parameters at various temperature and pressure regimes. 
Under the above considerations and by assuming that the solid matrix is plas- 
where ζ =
, ρ i the density of the i−th constituent and ρ s 
Heat Equation
266
By assuming that all the mechanical work input is converted into heat 
where c th is the thermal diffusivity, ρC the specific heat capacity of the 271 mixture and |∆H| ≈ E the specific enthalpy of the reaction, expressing the 272 energy consumed during an endothermic reaction. The first approximation in our effort to assess the influence of these weak- 
285
In addition to the above, we assume that the normal stress σ n acting on 286 the sheared layer is constant. From Eqs. (7), (11), (12) we may obtain the 287 following relationship between the shear stress rate, the strain rate and the 288 temperature rate:
where
Obviously, when the thermal effects are neglected (i.e. in the absence of 
For dilatant material (β > 0) we may recognize in (13) a hardening effect 295 due to dilatancy with the term µβ/β ⋆ and a strong softening effect from the 
The governing equations for the perturbed fields (ũ 1 ,ũ 2 ,ω c ,p ,T ) are of The system of equations can be brought in a dimensionless form by in-
316
troducing the dimensionless quantities:
where R is the internal length of the Cosserat model, which can be related to 
and
The corresponding dimensionless form of the linear and angular momen-325 tum with inertia and micro-inertia terms is as follows:
where I = with wavelength λ. Hence we introduce perturbations of the form 
Numerical example
342
We consider the case of a 7-km deep fault, of a calcite-made gouge ma-
343
terial having the parameters depicted in to the case of pressurization alone as weakening mechanism (Sulem et al.
388
(2011)). As 
436
However, we notice that the initial temperature for a 7-km fault is around response.
505
The results presented in this work could provide insight for the thermo- ing equations (18, 21), we obtain a homogeneous algebraic system for the 538 coefficients U 1 ,U 2 ,Ω,Π,Θ:
where where only negative roots appear, rendering the system stable, (b) for h < h cr . The dashed curves represent the real part of complex roots whereas the solid curves depict the purely real roots (zero imaginary part). The wavelength at which the growth coefficient s obtains its maximum value is the one corresponding to the selected wavelength λ m .
of the characteristic polynomial. To this end we consider the case of a 7-547 km deep fault, of a gouge material having the parameters depicted in Table   548 4.2. With these values we obtain a critical value for the hardening modulus 549 h cr ≈ 6, such that for h ≥ h cr all the roots of the polynomial equation have 550 negative real part, and thus the system is stable (Figure 6a ). For h < h cr The maximum root is complex in this case, denoting the onset of oscillatory instability.
set of equations), we rescale temperature with T c , recalculate the roots of The authors would like to thank G. Di Toro, N. Brantut and an anony-567 mous reviewer for their comprehensive reviews and fruitfull comments, from 568 which this paper has greatly benefited.
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